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Abstract 
The project is an assembly of two Polyester/PVC-pneumatic structures located at the east coast of Lake Ontario in 
Toronto/Canada. High wind loads due to the exposed location were expected. The larger of the two structures is 15m high and 
60m long. The pneumatic nature of the design was key for winning the public competition, because it allowed erection of a 
spatial enclosure of this size only within the given timeframe of one week prior to the beginning of the Pan American Games. 
The build-up of the pneumatic system in an alteration of 1.4m diameter (in average) arch shaped tubes and patches of repetitive 
pneumatic cushions. A form finding exercise for gravity loads (catenary shape) and wind loads (pneumatic form finding) was 
combined to optimize the structure’s performance towards wind and gravity loads. Physical tube tests were performed by the 
manufacturer (Tectoniks) and compared by TT with pneumatic EASYTM models. Following that, calculations were performed to 
normalize the stiffness of FEM-Elements in SOFISTIKTM with the measured tubes and afterwards globally analyze the geometry 
to determine deflections (important for the operation of the pavilion), stresses and global reactions. ~60 ground screws were used 
to anchor both structures to the ground. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Hariri Pontarini Architects (HPA) was chosen to design a temporary pavilion as part of the festivities surrounding 
the Pan American Games in Toronto. The site was a public park and therefore construction time and impact were 
greatly limited. The structure was to be constructed in one week and not to have a substantial foundation. The 
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program was to consist of a zip-line route, eating and drinking areas and two performance stages. HPA assembled 
the project team consisting of Thornton Tomasetti as the consulting engineer, Blackwell as local engineer and 
Tectoniks as the manufacturer. 
The role of Thornton Tomasetti, was primarily as structural design engineers: in the early stages assisting with 
form finding, in mid stages combining the efforts of Blackwell and Tectoniks, and in later stages analyzing global 
deflections and the foundations. The larger pavilion structure, shown in Figure 1 below, was constructed of 
pneumatic arches with quilted infill and measured approximately 60 meters long by 15 meters high. 
Fig. 1. (a) large structure fully inflated (photo by AFrame); (b) overall dimensions (image by Tectoniks). 
Fig. 2. Overview of the Ontario Celebration Zone (photo by AFrame). 
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2. Form finding 
Various form finding studies were conducted as the design progressed from an initial steel-supported-membrane 
to a final fully inflatable construction. While the exact detailing was unknown, it was recommended that the pavilion 
be constructed and treated as a continuous shell surface in order to increase the structural performance. 
The objectives of the form finding studies were to balance the following: (1) architectural expression, (2) 
program requirements, and (3) wind and gravity load resistance. HPA provided a 3-dimensional model of the form 
and footprint, which was approximated by using the following parameters in a structural model: (1) boundary 
restraints representing the foundation, (2) inverse “hanging” load used to create catenary vaults representing 
resistance to gravity loads, (3) inflation pressure representing resistance to wind loads, and (4) surface stiffness 
controlling the overall height. 
One such form finding study is shown in Figure 3 below. The initial architectural shape (grey in the left image) 
was approximated under the parameters mentioned above resulting in a form found shape (red in left image and 
orange in the right image). The form finding and the architecture were reconciled resulting in the final shape 
(red/grey in the right image).  
Fig. 3. (a) initial architectural and form found shape; (b) resulting reconciled geometry (image by HPA). 
3. Combining architecture with structure and fabrication 
Parallel to the development of the form ran the refinement of the detailing and construction of the surface. 
Initially conceived as a series of arches, TT’s main concern was to activate a proper shell action with enough shear 
stiffness distributed over the surface. Out of a discussion between Tectoniks and HPA came the idea to quilt 
between the arches. This enabled the partial shear transfer between the arches longitudinally and therefore a shell 
like behavior. The determination of the orthotropic stiffness between the two different directions became a major 
topic within the structural analysis. A detail of the construction is shown in Figure 11. 
Figure 4 shows the quilting between the arches performed on a preliminary form. The arches would be made of 
Serge Ferrari Precontraint 702 and the quilted infill from a more translucent Precontraint 502. The material choice 
and the construction of the surface influenced the orthotropic behavior of the structure, which is stiffer along the 
arches.  
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Fig. 4. (a) preliminary architectural rendering (image by HPA); (b) preliminary geometry with "quilted" surface (image by Tectoniks). 
4. Loading 
As mentioned in the previous section, wind loading was used as a form finding parameter to limit deflections 
under these loads. An additional form finding factor was the gravity load, however its impact on deflection 
performance was relatively low due to the light weight nature of the structure. Therefore, windloads were 
overwhelmingly the dominant force required to be resisted by the shape, construction, and foundation of the 
pavilion. Because of its function as an event space, point loads for hanging lights and banners were also considered. 
With no deflection limit due to construction or detailing, all limits were based on user comfort (at low wind 
speeds) and damage mitigation (at large wind speeds). For very high wind speeds a wind action plan, based on wind 
speed and expected deflections, was created for tying down and eventually dismantling the structure. 
A wind tunnel study was not practical for budgetary or time constraints, therefore the wind loading review 
conducted by both Blackwell Engineers and Thornton Tomasetti was to consider many codes (Canadian code, 
ASCE, and EuroCode) and geometric approaches. Geometrically the main pavilion structure is vault-like with 
dome-like portions meaning that a code based approach could be applied in two ways with differing wind pressure 
coefficients (Cp values). 
Wind loads were tested initially with a 2-dimensional pneumatic model (Figure 5a) checking different code 
approaches, applicable for vault and dome shapes. Finally, with the introduction of a 3-dimensional model (Figure 
5b), a vault approach was found to be in most conservative and was therefore used. 
Fig. 5. (a) comparison of vault and dome wind loading Cp values on arch modesl: (b) vault loading patches on the global model. 
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5. Structural design 
Even if the final form is largely curved 3 dimensional and the construction promotes shell action the primary 
mode of structural behavior would be largely 2-dimensional, activating and bending the arches. For this reason, 
special attention was put into the analysis of singular arches. The arch model was used to determine arch tube 
diameter, internal air pressure, and membrane stresses.  
Three approaches were used: (1) wind loading of a pneumatic model in EASY, (2) benchmarking of the beam 
model to the pneumatic model, (3) and correlation to physical testing performed by Tectoniks. Pneumatic models in 
SOFiSTiK were also attempted, but ultimately the results were not considered.  
Secondly, a global beam model in SOFiSTiK was created using the benchmarked properties from the 2D 
analysis. Infill members were added to represent the quilting. The 3D model was used to determine deformations 
and reaction forced for the foundation design.  
5.1. Pneumatic arches 
The largest arch in the structure was modeled pneumatically using EASY, with code based wind loading for both 
vaults and domes, taking a tributary width of the largest distance between tube centers. This tube geometry was 
analyzed with multiple diameters and air pressures in order to find a combination which would have suitable 
deflection and membrane stresses. Some analysis steps are shown in Figure 6 below. 
Fig. 6. membrane stress determination in EASY. 
Deflection results from the pneumatic model were analyzed in order to create benchmarks to be matched by a 
FE-beam model with equivalent stiffness. The models were not compared for stress. Only the pneumatic model was 
expected to give reliable stress results. Some examples from this bench marking process are shown in Figure 7 
below. 
Fig. 7. (a) pneumatic model in EASY: (b) FEM model in SOFiSTiK. 
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5.2. Global beam model 
The bench marked beam elements were combined to create a global model of the larger pavilion structure, using 
SOFiSTiK (Figure 8). Filler elements were included to partially capture the effect of the quilted filler. Wind loading 
was applied using the code for vaults with each arch having a unique wind load distribution (see Figure 5b). This 
model was used to determine deflections, tube diameter distributions, size the foundation and investigate the effect 
of high-wind tie-downs. 
Even though the structure could withstand large movements, deflections around display screens and other 
equipment within the space had to be limited in order to prevent damage. The global model enabled the analysis of 
varied tube diameters to determine their effect on deflections. Tube diameters vary between 1.2 and 1.6 meters, with 
the smaller tubes used in most areas and the larger tubes and in some key zones, such as the largest opening and the 
longitudinal ends of the structure. 
Effect and placement of tie-downs during high winds, as well as the effects of point loads and other additional 
elements were studied using this model. 
Fig. 8. 3-dimensional FE-beam model of the large structure. 
6. Foundation 
The foundation design considered worst reactions from each wind direction and various foundation stiffness 
cases to determine the final distribution of the anchor points. An example of the reactions from one wind load case 
is shown in Figure 9 below.  
Fig. 9. example foundation reactions, (a) horizontal; (b) vertical. 
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It became apparent that at the joint between the soft pneumatic structure and the stiff foundation that loads would 
concentrate around specific points. This needed to be addressed by a mediating detail between soft and stiff. The 
specific properties of this detail were studied with different spring stiffnesses, which allowed the distribution of 
reaction forces over multiple support points. A foundation patch detail for connecting to the anchor points was 
provided by Tectoniks as a strap connection which allowed the desired behavior. A photo of this patch detail and its 
application in the global model is shown in Figure 10 below. 
Krinner Ground Screws were selected over a concrete block footing because of the concealed appearance, light 
weight and ease of installation and deconstruction. The Ground Screws are illustrated in Figure 12. The product data 
from Krinner was used to determine the necessary amount and distribution of ground screws, using the lateral and 
vertical reaction forces from the global model. 60 ground screws were specified.  
Fig. 10. (a) global model of deflections with foundation detail; (b) foundation patch detail as built (photo by Doron Meinhard) 
7. Fabrication and installation 
Tectoniks needed 10 weeks to cut the PVC membrane and hot-air weld the materials of the structure into a few 
mega-components. After a test inflation, these were packaged into shipping containers and sent from their facility in 
England to Toronto. The complex, but repeating cutting pattern as well as the structural hierarchy is shown in the 
illustration below (Figure 11).   
Fig. 11. pneumatic construction (image by Tectoniks). 
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While the mega-components were in shipping, a local crew from Krinner installed the Ground Screws under the 
artificial turf on site at the Harbourfront Centre in Toronto. As shown in Figure 12, they were installed using a 
specialty drill head attached to the arm of an excavator.  
    
Fig. 12. (a) Krinner ground screws (photo by Doron Meinhard); (b) installation; (c) ground screw head under artificial turf cover. 
After the placement of the foundation, the inflatable mega-components were unpacked and inflated in a process 
lasting 36 hours. As seen in screenshots from a time-lapse video below in Figure 13, the inflation process was 
occasionally assisted, but generally took its shape with only the addition of air. 
Fig. 13. large structure inflation video stills (video by HPA). 
Multiple compressors were used to maintain a constant internal air pressure; some operated consistently and 
some were kept on stand by for redundancy. The structure stood for 38 days, the duration of the Pan American and 
Para Pan American Games. During the day the structure appeared bright white, but at night it was illuminated with 
various colors using external and internal lighting (Figure 14). 
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Fig. 14. Both pavilion structures illuminated at night (Photo Hauke Jungjohann). 
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